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APPENDIX - DETAILED GEOMETRY, DERIVATIONS
AND CALCULATIONS

A, ‘TRANSIT

L]

1. Base Loss Factor*

.

This section derives the base loss factor (BLF) equation. The base loss

v factor determines the number of platforms required to keep one platform on

station.
The general BLF is the cycle time of a platform divided by the time on station.
A cycle is defined as the time interval between overhauls,

The following definitions are necessary to develop the general BLF

equation. All times are in months. '

Pefinitions

T, = overhaul time ) C ’

‘ = two-wi ransit tl

; - . TTr wo-way tran me
JEQ{AJ ' TSt = time on station

{ .

{
i

Tcy = total time in a eycle ’

oy

T o op = overhaul coefficient (l/b is fraction of platforms out-of-
C

‘}._
- b=
. Y Vv overhaul)

n = on statior equ!rements in platformg

N = total roquirements to support n platforms on station

Sy N' = g-w number of platforms out~of-overhaul and available for operation
i' ; .
! | i‘ nTby * on station requivemer:s in platfovm months/cyele
I.;' N'T~y = platform months available from out-of-overhaul platforms to
| provide on station requlrements
|
L\ ;‘ -NM = fraction of total platforms out of overbaul which are in upkeep
\ E“(" .
] US Navy Mid-Range Objectives MRO-78 (U), CNO Ser 0081, OP93, (8 Oct 1966), .
N Part 11, Chapter II. ‘
SN e

1 - . A-1l




NMN"I‘Cy = total upkeep time in platform months/cycle

NT = training cocfficiont (fraction of non- deployed, out-of-ovarhaul
time given to self training)

N (N'T - nT_ )= normal self training time for non-deployed, out~of-
T Cy Cy
overhaul platforms
nT
2

Tgy “ number of roundtrip transits/cycle from base to station

nT_ T
Cy Tr
T number of platform months/cycle spent in transit
s .

The out of overhaul time per cycle is equal to the sum of the on station

upkeep, training and transit time.

' Tr
N Tog * MV To Ny (WL - nr ) ——551
T =n cy W Toy p ( cy n )

A-1
Cy Tst
Dividing outr T and collecting common terms:

o Cy
: | Ty
, ; - " ' - —_ -
A I N' = NN' - NON' = on- Npn o A2
: | st :
CoNL T
ki I. Y 1+_'1'_|I'_1:‘__ NT
g i N St
: " n l- NM - NT

1o

: l and,
. ;._ [ St Yol
: R BLF = ; = b + the gencralimed BLY equation, A-3
! L L2 Ny
| oo
R 1o In Section ITI of the report, only ready platforms are considercd. Ssaid

|' .

; C another way, the platforms are assumed to be out-of-overhaul, already maintained
) ‘ | :
! 1

and trained so that the out-of-overhaul, upkcep and training times are affectively

zoro and the equation reduces to (sce following page):
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S |
- BLF = 1 + %m
st
T + S L
| = Tge * Ty e st \ ¥ A
o R ‘ . Tse A-4

This equation represents the number of ready platforme nceded to keep one

on station.

The impact of transit speeds and platform endurance on force level require-

ments can be evaluated by this BLF equation. In this approach, the total en-

durance time, Ty, is defined as the two-~way transit time plus the on station

time and is given by the exprossion

Tp = Tpp + Tge
Then the BLF can be written as

T
{ Vo TR
: ' D A
BLF = - )

i\ - .
1! .\_I.'E...__r E_ 3 Aot

5 )
{ ‘whexe D = two way transit distance

[

e, . . .
. o VTr = transit speoed AL |
|, v, T .
: A = Ty 1

| The total endurance time can be written as

. J . : : D ( BIF. \ '
. [ , . T = o .*7_‘.;'_.-_.. A~6 : 3
; BV, \BLF - 11
L
\ : For any given transit distance, the BLF is reduced by increasing the product
g
v of the total endurance time and the transit speed. fThe overall change in force
{ 3
i : level requirements which results from increasing transit speed depends on the '
" effoct on platform endurance from that increased speed. When endurance is rela-
' ¢ tivély independent of speed, incroased transit speed will result in reduced force
'¥\. %ff“ level requirements.
[
1
/
, AY o

‘ o A-3
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In the case where the platform endurance is a dependent function of its speed,

_the overall effect of increased transit speeds on force level requirements is not

immediately apparert.. This effect can also be evaluated by the BLF equations. In
this discussion the endurance of platforms using conventional propulsion is assumed

to be limited by the amount of fuel they can carry (assuming that refueling is pos-

sible only at the origin).

When fuel is the quantity that limits endurance, thae time on station can
be dafined as

Fuel Available On Station

TS " Fuel Consumption Rate On Station

The fuel available on station is the difference between the fuel that was avail-
able at the origin and the fuel necessary for two-way transit.

' \ D
Fuel available on station = ' = — «r
VTI‘ Tr

whora

F = fuel available at origin

r.. = fuel consumption rate while in transit

Ty
D .
Thus, ¥ -
" [ p— A_.
lS "
st
whero

Yo © fuel consumption rate while on station
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The total endurance time 'I‘F, is approximated by the expressions:
T T 4T ]
. E pr St
D ’ .
F - — . .
D Vipy x’:l‘r:
= + A-8 r
Ve Yop o
' . The base loss factor can then be wriltten as
.‘; : T 47 ' ;
' : BLE = 'rrT st : : : .
b I St -
i N
b D 3
i V'I'r St q
= 1+ T A-9 .
lrr 4
1 . Yo '
f when fuel limits the endurance of the platform. i
; .
‘41
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2, Trangit to Destination l

This section derives the equations used for the econémio analysis

f;' of a single platfoxrm transiting from an origin to a destination. The total

transportation cost includes all costs associated with transporting the
i; cargo from an origin to a destination and is the sum of three component’
costs:

the dollar value of the cargo which could alternately be invested
at some rate of interest during the time of transit ' 4
- !.:.‘ ' 1}

== the cost assoclated with operating the platform (speed

independent)

== a gpeed dependent cost related to energy consumption

The value of the cargo at the origin is the number of tons of cargo times

le the value por ton of cargo. The value per ton of cargo can be expressed as the

aate wiad

beyond the market value. The cargo value could be alternately invested during

the time of transportation from the o}igin to the destination. The portion of
i ' the total transportation cost which is assigned to the cargo itself is the cargo

value times the investment rate times the transit time.

The transportation costs due to the particular platform used are divided

> ? into the platform operating costs (speed independent) and the energy consump- ;
! ‘ tion costs (speed dependent). The platform operating costs include deprecia- ﬁ
! tion of the platform and equipment, personnel costs, maintenance, port fees,
;' overhaul and special cosis due to the partlcular exercise. These operating
1
i
l ! costs can be added togetlior and divided by the product of the lifetime operating
|. hours of the platform and its cargo capacity to obtain an average platform \
by f
|
S W
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operating cost per ton hour.* These costs werc assumed to be independent of

speed for this study. Some of these costs would become speed dependent if the

platform utlilization varied becausc of changes in speed.

The speed dependent coats were -identified as being chiefly relaced to
fﬁ enexgy consumption. Fnergy consumption is a function of the propulsion sys—
tem and the mode_of transport.
The transportation cost is given by the expression:
%_ . Transportation éost = cQIT + C_QT + kv®DQ B
! ‘ - whare: l ‘
C = cost of cargo (dollars/ton)
Q = number of tons of carygo
1 = investment Fatc (%/hour)
X T = time to transit f£rom origin to destination (hours)
| Co = operatiny cost (dollars/ ton-hour)
V = speed of transit (knots)
k = proportionality constant relating speed to fuel consumption

a = proportionality constant rolating fuel consumpiiion to mode of transit

o
kV' = encrgy consumption cost/ton:mila

D = distance from origin to destination
and

Trangportation Conb
Ton-Mile

1 a
uz b -
e+ c )y + kv

; The sonder would like to minimize the total transportation cost por ton mile

by choosing a V such that the transportation cost per ton-mile is a minimunm.

*Referwnces for oporating coast data inelude The Utility of Iigh Porformance
Watercraft for Selected Minﬂionn_of the United States Coast Guard (U), Pro--
jJect 721530, Center for Naval Analysis, Novembor 1972,

‘/'T oo T

A-10




Differentiating:

: al Transportation Cost ) ~(CI +C)
i Ton-*Mile 0 a-1
: = + okV = 0
F dav : 2
: v
b ol CI + Cg
opt ka

A
CI +C| atl
O

% .
I et ————— A_ 1 .
; o V’opt B ka . Co, e 1 j
: ! . ’
; | - whera vopt is the speed that minimizes the cost of transporting the cargo. i
- 3
' * . 2
When CI is wuch smaller than C_, then c \aH ]
R ) .

opt - |ka A-12

|
1 3, Sustained Logistic Support
]f This section develops the equations for the number of platforms required

to £ill a pipoline.

‘ ) Suppose that Q tons of cargo must be delivered during a time period, T.

i The average rate of delivery must be

f Q Tons

T Unit Time

L TR ST e et T x

Let each platform have a payload capacity of QP tons. The time interval

T

lrQP

Q . : )

|
|
1
!
N i between platforms is
’ .
|
i t =
1
[
|

:' The time for a platform to deliver the cargo is the time in transit plus the

v
I !, : loading-unloading time. The time for a onc-way transit is 37 where




D = one-way transit distance (nm)

V = gpeed of transit (knots)

: Q
, ! The loading-unloading time is 7? , where r is the loading-unloading rate in

! tons/h~our. The time for a roundtrip is

.

Q
L. b .,p
. 2(v4r)

The roundtrip .lue divided by the time interval between platforms equals the

number of platforms required to £fill the pipelinc. Thus, the number of plat-

forms, n, required to £i11 the pipeline is given by the expression

n = —12: (5— + %3-) where t = E;E A-13

i or 3
. : ' 2 D 1
2 1! n = ?? (65; + ;) ' A-14

‘The cffects of changing the loading-unloading rates on the number of platforms
] can be expressed in terms of the relative number of platforms required to f£ill

the pipeline, compared to the number for a base case. This is given by

. (_D._ . _1_>
Vo x
Y p

rol =

. -7 1“ A-15
i —_— - .
Vi r*
( QP >
N

wheroe

Yeel = relative number of platforms '

, r* = basc case loading/unloading rate
| .
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B. CONVOY

The purpose of this section is to demonstrate the appropriate geometry

derivations and equations used in the analysis ¢f convoy operations.

.

1. Area of Threat to the Convoy

The following discussion of the arca of threat is an extension of Koopman's
Theory of Search. *

The area of threat to the convoy at an instant in time is the area from
which an attacker could detect and approach the convoy.

The area of threcat is a function of the attacker speed, the attacker weapon
speed, the attacker weapon range, the attacker de;ection range, and the convoy
speed, Figure B-l repeats Figurc IV-1 and contains the appropriate geometry
and relationships. .

Cage In chows the fhrest avea when the wesnon range is zero and the convoy
specd is grester than the attackér speeé. The limiting ungle'of approach is
determined from relative motion considerations and is éiven by

-1 (7a
F 4
VC

i

vhere V

A Specd of Attacker

Ve

B

Speed of Convoy.

The arca of thrcat in Casc Ia is the sector of a circle whose radius is
equal to the attacker's dotection range and whose angle is the angle betwecen the

two limiting lines of approach. This angle is (sce sccond following page, B-3)

*
B.0. Koopman, "Theory of Search, Part I, Kinematic Buscs",Opqrations Rascarch,
Volume 4, (1956), pp 324-346.




. Figuro B-1

Area of a Thrcat to a Convoy for a Given
" Attacker Detection Range As A Function of Convoy/
Attacker Speed Ratio and Convoy/Attacker Weapon Speed Ratio
and the Attacker Weapon Ranges

e >V
Case I Vc A

Cace Ta

Case Ib

v 0 . > >
ku A(orgw= ) vC vw vA

Case Tc

. V,, > V> VA

W C
I )

| Where: RD = Detection Range of Attacker VA = Speecd of Attacker
. a .
/T_ : Rw-“'wQapon Range of Attacker V.. = Spead of Attacker's Weapon
AN a Y
V_ = Spced of Convo
l c pead Co y B2
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\"
2 = 2 sin M 2. B-2
A%
c . . .
Thus, the threat area is
v
2 -1 A
AIa = RD sin . B-3
a C

and the normaliznod threat arca for case Ia is

¢ R -
N, =2 - B-4

Ta mﬁ '
a

whore RD = detection range of the attacker.
a

When the weapon gpeed is greater than the convoy speed, and the convoy
specd is greater ﬁhan the attacker speeﬁ, the threat arca is as shown in Case Ic
in Figurc B-1.

The thrcat arca for Case Ic is a function of the attacker speed (VA)' the

convoy ﬂpeed_(VC), the attdcker weapon speed (Vw )+ the attacker weapon range
a
W )} and the attacker detection range (RD ). Let point 0 (sece Figure B-2) be
a a
the convoy center at the time of detection and let 0 define a circle with radius

a .
Whan Vv > VC and VC > VA' the instantancous threat area is bounded by the
a
path ABKCDEFA. (When un> Ve, the convoy can be thrcatened from behind by

the attacker's whapons.) The maximum threat @istance frem directly behind ‘h2

convoy at point E at an instant in time is

v(‘
- — b . B-5
Rwa vwa{wa

When only the attackor's weapon s considered, the area of threat to the

convoy as the convoy transits from O to P is the circle centered at P and radius
\Y
C

Vi
a

Rwa. Point P is a distanco Rwa from point 0.

A ads, e By

P

PR T PP
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Figure B-2 )

Geometry for Dotermining the Arca of Threat When
Attacker Weapon Spoaed is Greater Than Convoy Speaed
and Convoy Specd is Greater Than Attacker Speoed

RD&
\
-1 A
0 = sin v . PD == I\‘
a
R vV :
f = S.’Ln—_]' kw 1l - 'i\*l‘ ¢ « R
N D W @
\ l,
1
Y - 2 " O
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When the attacker speed is considored, tho limiting lines of threat are

\Y
tangent to the circle centered at P and are at an angle sin 1 VA to the
. C

path of the convoy. Thus, the axc FED, the limiting lines AF and DC, and the

arc ABKC are the boundaries of the instantaneous area of threat.

The instantaneous threoat arca can be divided into three arcas--the segment
F¥GDEF, the segment AHCKBA, and the tFapozoid with top AMHC, bottom FGD, and
height GH.

| The arca is calculated as follows: the angle 6 is a function of the attack-
er speed and con&oy speed and 1s the limiting angle of threat for an attacker.
The angle.B can'bﬂ calculated by determining the chord length CK. Lines OL and
CD are parallel and the line CD is tanygent to the circle centered at P. PD is

perpendlcular to CD and 0L, and PD equals Rw . Chord length CK = 2 (Rw - x),
: a

1] a
where
vﬂ Vl
e i £ -
X v Rw gin 0 = v Rw B_6
W a W a .
a a

\Y

Thus, B = sin—1 —a 1l - V&
D W
a a

The scyment AHCLKBA ig subtended by the angle 2(0 + ) with radiuws R_ . The

D
a
arca of the scgment is,
2
wRy (2 (0 B)) Rg
a a
Py - [bin 2 (0 + Bﬂ B~7
The angle vy is equal to g-— 0.
S0 the area of the segment FENCE is,
2 2 -
"R 2y
%la - - -—}\151- sin(2y) B-8
21 2 Y
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g L The trapezoid has a top ALC and bottom FGD. We have AUQ = ZRD sin(0 + B),
: . a

and FGD = ZRW sin(y).
‘a

‘ The helght of the trapezoid ¢an be calculated as HO + PG - OP, where,

ST e

HO = RD cos(® + B)
a

PG = Rw cos (y)
ca

pamer> AR N LT

op.;._g.

Thus, the ‘arca of threat is given by,

2 2
®p R

2 2
Ar, = nba(o +8) = == sin(200 + B} + Rwa(Y) - —= sin(2y)

‘1

. ! ; 5 alv) - <1 - .

o [RDBSin(O + B) 4 Rw191n(y)] X [Rnacou(o + B+ RWaCOJ(Y) Vg twa] B-9 -
e \ o B

2 2 :
= 8 + + {y) 4 R, s (13 -
RD& ( B) nwa Y ﬂnwa e (b)

\Y .
C R [R- gin (€ + B) 4+ R .si ]
-5 T D, ) y sin (v} : :

W a a

a
: when >
: VW, VC g VA
N - a . .
: , with 0 = min il ‘
i . C . ‘a
< AR
B = gin - v
5 D_] Wl
I' ' ) £ <
‘ w1
g l' Ry -0
l
g ' and the normalized threat area for Casc Ic 13 given by

|L\ A, 1 AIC
_ r AL B e B-9a
g ; Ic - 2 . :
\ , RD,
1 JT . QA
L]
B~-6
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2. Number of Escorts Required

The secgion‘dovelops-the roquircments for the number of escorts to provide
timely prosecution around the entire circumfercnce of the threat circle discussed
in the text (i.e., Casc II where the attacker's.specd is_greater than the convoy
speed.) For purposes of illuminating the problem, the convoy was considered
stationaxry. Relative motion of the.attacker increases with the component of
the convoy speed toward the attacker. The effect on the required séeed of the
escort deponds on thé relative postions. In the most demanding case (attackexr
dead ahead of convoy, escort dead astern), the escort speed requirement is
increassa by an amount equal to the convoy speed.

The basic gecometry is shown in Filgure B-3. Tho escort is stationed at a

point on a cirele of radius Ry, about the center of the convoy. An attacker is

detocted at a digtance RD, from the center of the convoy. The detection could
Le que by the esceorts, t;¢ WONVOY ) OF H0RIE ualLOYual sUurwe suull as alruiacl oc
satellite. Thuy, tho escorts could have the sole task of iﬁkercepting the at~
tacker. The escort must then cover the distance R betwepn his position relative
to the center of the convoy and the point at whichlthe attacker céuld launch his

weapon in order to intercept the attack. The intercept distance, R, again mea-

I
sured from the center of the convoy, is taken to be equal to or greater than the
range of the attacker's weapon. The time within which the escort must travel

from the point of initial detection of the attacker to the point of interception

is
Ry - R,
P B-10
Va

and (assuming an escort weapon with infinite speed) the distance to the point of

interception ia

, . B-11
R &= Vet + Rwe
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Where Va = Spoed of the attacker

VE = Speed of the escort )

RW,e = Range of’the egcorts weapon

The angle, w, shown in Figure B-3, is one half the sector coverage of a

single escort and is given by

- R" _
- : - . B=12
RE

2
1 RI + R
2 R

W = COS

=oiEN

Then the number of escorts required is

N = B-13

el=

Since the numbexr of escorts required is a function of the distance that each
escort is staticned from the center of the cornvoy, RE’ the number of escnrts can

be minimized for given values of R and R by riximizing w with respect to PE'

. d
Setting »§~ e 0
B
and after simplifying, we got,
2 2 2
RI = RE + R

which is recognized as a right triangle with sides RE and R.

uhax then becomes,
-1 R r\V
W =~ i JEATS £ ® _
max ~ Sin R ' e B-14
T, I




Figure B-3

Geometry for Determining the
Sector Coverage of a Single Escort

R, = Escort Distance*
R_ = Intercept Distance?
Ry = Detection Distance*

w = Scctor Half Angle

*All distances are measured from the center of the convoy.




1 . s
H | TR W L IR -

and the minimum number of escorts required is now

\

LT
. : Noin ™ @ B-13
. max

Considering the integer constraint, the minimum number of escorts is » 2 whenever

R > RI' At R = RI a single escort, stationed in the center of the convoy, suffices.

3, Escort Sprint Speed Recqulrements

Lo Thig section develops the escort sprint speed required for a given gonvoy
speed of advance. The oscort must malntain a speed of advance equal to or

greater than the convoy spced of advance, V.. The cscort's speed of advance

i is determined by his sprint specd, VF' the time he spends drifting, Tn and

[+] K.

his acoustic detectlon range, RD

The geometry is’ shown below.

. b .
CE AT
< x '

\[ 8]

f In this case, the sprint distance is aqual to R . By choosing this

' . : !

| -

i separation, the escort sweeps a width equal to V3R, normal to the convoy's spoed
: :

| vector, providing convoy and escort maintain a constant coursn

. B o

) L The time required for the convoy to travel one sprint distance is simply, 8/
' By
[ U\ [ RS -
| ¢ v ' B-16
| c
3
Ry,
| ‘
4 -~
/T " B~10
\ Ay -+




and the time available for the escort to maintain station while covering an equi-

valent distan:e is, R
o] —_— ¢ D B-17

I3

in order for the escort to maintain a speed of advance equal to the convoy speed

of advance. Then, since

we get
RDe + T RDa or, B-18
VE . Vc
V.V
V= ey B-19
v C
where ' ‘ '
- v ~
v
Ty

Tf we increase the number of escorts to n, then the sprint distance becomes an

e
and equation B-19 becomes
nRD-VC
Vo & oo
E nRD - VCID
(d]
\'4
vV Cc
R B-20
v C

where Vv has been generalized to

nRD
V= o  sprint dlutance

A% TD = Arift time

= virtual spoed.

B-11

et A e Bt Penall do oo B v o ey e et ekl o i
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;{:}- The figure below shows the case n = 2, with escorts A and B "leap-frogging® along

the path of the convoy.

R
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i o8 SEARCH

1. General

This section of tpe Appendix prévides geometry and functioﬁal relation—
ships for the analysis of the effeots of speed on seaxch qperations in thae
text, Discussion is limited to acoustic search and to reilteration of genexal
functional relationships in acoustics and acoustic soa?ch which are pertinent
to an investigation of the utlility of search vehicle spaeds,

There are two important factors which tend to bound the speed range of
interest for acoustie search. For surface or near surface platforms, flow noises
at speeds in excess of 30 knots reach a level at which the detection range is
for all practica; purposes, zero., Herculean design cfforts appear to be neces-
sary to produce any increase in this limiting speed.

At verg low gpeeds, the prevalling background noise in the sea dominates
the problem. ‘Thus, the theorulical deteciion ;ung;s vhich miqght ha achieved in
a noiseless environment do not occur in the real world. In general, detection
ranges are limited by the environment to a constant valuec until searcher speed
reaches about 10-15 knots, and then decrease with increasing speed, reaching
the zero value at about 30 knots.

Thus, the search speed of interest, for the foresceable future, lies between

10~1% knots and about 30 knots. - This suggests that the projected speed capa-

- bilities of most of tho advanced naval vehicle concepts (with the possible excep-

tion of SWATH ships) gain little or no support from scarch function. This is not
gntirely true since, in the analysis of sprint-drift or flying-drift search,

we find a cloar case for high sprinting (or flying) speeds botween search periods,




2. Barrier Scarch

The purpose of this section is to investigate the impact-éf gearch speed

on the probability of detecting a submarine transiting a barrier. The geometry

of the pioblem is shown below:

- L »

a. Continuous Search

Initialiy, we assume a scarcher conducting a continuous random search in
his barrier station. Both active and passive sonar search are addressed. For
both methods, the detection range is degraded with speed due to flow noise con-
siderations. ‘ R | ]

Over the speed range of interest (10-30 knots) detection range as a fupction .

! of searcher speed (V) is approximated by: N

3 1
R = R u—aV c-1 i
o
where Ro = maximum delection range for the given conditions (generally, range at
\ specds of 0-10 knots) :
. . - -4
- | a =3 x 10

V = gearch speed (knots)

and the cquatlon closely approximates empirical data which indicates flow noise

-

increasing at a ncarly lincar rate of 1,8db/knot over ithe speed range of 10-20

.- knots . *

| :
, 'h R *R.J. Urick, EE}nciples of Underwater Sound for Engineers, (New York, 1967).

1 o-2
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The sweep rate is then given by:

Sweep Rate = 2RV = 2R Ve OV (’—’3’-‘-—) c-2
[o} hr

The product of the sweep rate and some time (t) defines a' rectangle of width

-av?

2Roe and length Vvt to which one adds the end semicircles, with total area

-

3
-0 2
V7 , to obtain area swept in t, which is

equal to m(R,e

3
aV3 2

Ve + n(noe" ) c-3

Area Swept = ?.Roe~
The time required for the submarine to transit the barriex is given by

t= B (nr)
S

where vs = submarine speed (knots)

W = width of threat of detection to the target (nm)

The total area swept by tho searcher in time, t, is then:
' ' 3
2R ¢ "V vy 3
(o) -aV .2
+ nfRne ) C—4
s -

Total Arca Swept = o

and gince
3

~aV
W = 2Roc (nm),

.-uV3 2
4ViR o Vs 2
Total Arxea Swept = o .+ (R o ©
. U. (o]
S
The standard expression for the probability of detecting a submarine tran—

siting a baxrier is:

_ Total Area Swept
PD w1 -a Barriexr Area Cc-5

Therefore, 3 ' 3

. -aV -aVv
[ 2VRoe W(Roc )
- + .
Po= 1~ ¢ LVg 2L -6

D
vhere L = length of barrier.




b. Sprint-prift Searxch

The purpose of this section is to investigate the impact o6f search speed

oh the probability of detecting a submarine transiting a barrier by using sprint-

drift search. The geometry of the problem is shown below: ! %
E . . 1
f i i f . :
| t ]
| W = 2R
<<>> fh ]
| eI’

. L M .

Sprint-Drift Search

! The result is an overlapping search pattern wherein the searchex sprints a

distance R at a s=pced V then drifts and listeps for a time Tp: He then sprints

another distance R and continues to repecat the maneuver. Detection range is equal

to F (maximum for the enviromment) since searching is.confined to the drifting

e e N e T it Sk T e in

period,
' : The time to complete one segment of the sprint-drift search is:
N
. | : . T=§+TD (hx) c-7 | 4
v .
? ‘ ' Where R = detection range (nm)
i . ) V = sprint speed (knots) p
| '
l T, = drift (listen) time (hr)
r_ |§ ~ 1
1
1
b "
v, j
. 1
| ;
! ’T c-4 1
- ‘
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The speed of advance of the secarcher is then given by:

V! = f-Bij— (knot:s) o . c-8
R + V'I'D
The sweep rate then becomes:
/3R%y nm2 '
Swaeep Rate = Y3 RV = ——— nm_ c-9
R+ VI hx

Tbe time, t, required for a submarine to transit the barrier isg

where W = width of barrior (nm)

B

Vs = gpeed of submarine (knots)

Therefore, the total area swept out in time, t, using sprint-drift tactics is

o /Tnr
Tatnl Area Swopt = ~——}‘“R W (nmz) ' c-10

Vg (R + VTD)
When the initial arca of detection, HRZ, is added to the total area swept
and the barrier width is 2R we have:
= 2
V3R -
Y P A 4~ S 1
P =1-e o c-11
D VSL(R + v'lD) 2L
Alternative saorch tactles exist. Scction F of +his appendix compares the

overlapping search tactiec above with a random, non-overlapping soarch.
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3. Opon Area Scarch

The purpose of this section is to investigate the impact of search speed
on the expected number of targets detected per hour using continuous open area
search, fThe detection range is degraded with speed due 'to flow noise as in
the barrier case. The targets have an average density per squarc nautical
mile and have uniformly distributed track angles.

The geometry of the problem iy shown below.

Open Avea Scarch

a. Continuous Seaxch

‘The expression for the number of targets dotected per hour is based
on Koopman's theory of search, and is modified in this analygis to include
the cffect of flow noisc on detection range as the scarch speed is increased.

The number of targels detected por hour is glven by,

aV3 . p ——
- el vV
AN R0 2 ¢ 2
N = (V + v.) o Rot l—-'"m”wl-*r sin Ydy
o 8 (v +v )"
o S
C-6

c-12

s



Where V = search speed (knots)

— e i BT it Y

V = taxget specd (knots)

N = target density (number per nmz)

[,

Ry detection range at zero speed (nm)
o w 3):10"4 ' .
= (w-0)/2

. ¢ = target track angle (degrees).

PO N

The integral expression is an elliptic integral and is readily evaluated

using standard tables of elliptic integrals.
b. Sprint-Drift Scaxch

The purpose of this soction iy to investigale the impact of geaxch speod
on the expected number of targets detected per hour using sprint-drift tactics.
Tho geometry is cssentially the same a2z in the barricr case, with the exoeption

that the search acca is unbounded.

A first order approximation to the expectad number of targets to pass within
a distance, R, of the scarcher during a drift (listen) period is given by:

No ¥ NHR2 1 2NRVUTD . C-13
where the quantities in the expression have been previously defined.

The number of targets detiected during one listen period ig the sum of thé
targots inside the radius of detection at tho beginning of the period plus the }
number that enter during the listen perilod.

Hence, the expectoed number of targets detectoed per hour is the number

detocted per listen period divided by the duration of the cycle, i.c.,

N1IR2 + 2NRV;1‘D
N_ = - c-14

+'1D

R
v

c-7
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The number of targets detccted per hour given in equation €C-14 illustrates
the impact of spced when sprint-drift search is used. This approximation can
be modified to consider different approaches to the search tacéic. For cxample,

.

equation C-14 does not differentiate between targets that_were detected on pre-
vious looks and taigets that are new dotections. Thus, some targets are counted
more than once. Thede duplicated detections could be subtracted to give the
nunber of new detoctions per hour. The sprint distance could be optimized for
a givan sprint spced. In addition the number of detectiouns at zero speed da-

pends on the initial assunptions about the scarcher, For example, if the search

is required to sprint a given distance before listoning, then the number of de-

tections at zero speoed ig zero.
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D. PURSUIT

The purpose of this appendix is to demonstrate the appropriate geometry,

derivations and equations used in the analysis of the utility of speed in pursuit.

1. Ppursuit Curve*

The geometry for deriving the curve of pursuit is shown in Figure D-1.

The cuxve (AB) is traced By a point P {pursuer) which moves in such a
mannor that its direction of motion is always pointed toward a second point
P' (pursuee) which moves along the path (CD). The speeds of P and P' are taken
to be constant. The problem proposcd is to construct the curve of pursuit (AB)
whén (CD) is given and the speods of P and P' are known,

Thé simpiest problem of this type is that for which the path of tha purnuee
i8 a sicalyght iluce,

Let P = (x,y) bo a point on the pursuer's curvé and P' = (w,2) be a point
on the path of tho pursuce.

The curve traced by P' is glven by

f{w,2) = 0 D-1
Since the tangent through P passes through P' the pursuit equation can be

written as (z~y)z§§(w-x) D-2

Lot the speoed ratio of the pursuer to pursuce bo given by f , theon

*
Introduction to Nonlinear Differential and Integral Eguations, U. §. Atomic

Enoxgy Cbmmisnion, U.8. Government Printing Office, {(Washington, D.C., 1960)
Pp 113-128.

S
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Figure D-1
{ ' Geometry For Deriving The Curve Of Pursuit
A
‘ dy ds
W Px,y)
dx
N
P = Dursuer
. P'= Pursuco
/ AB = Path of Pursuer
‘ CD = Path of Pursuce
. ds = Klcoment of Arc on Pursuer's Path
) do = Flement of Arc on Pursuece's Path
|
N
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a8 t;:g%, where ds and do are the elements of the arce of the pursucr and

at
pursuce respectively. We thon.have the equation _ .
‘,“ : dx2 + c'1y2 = 1;2 (dw2 + dzz) ] D-3

Since y, w and z are functions of x, D~3 can ke written in the form

ay\? 2| faw)\? | faz\?
@) -|® -6

Differentiating D~1 and D-2 with respect to X, we get

Af dw 9f Az
dw dx + 9z dxn 0 D=5 ,
and 3
: 2
: dz 4% oL, Grdw
' ' dxhdxz(w x)"'dxdx D-6

When tha proper values for D-1, D-2, D-5 and D-6 are substituted

into the right-haud memver of equation D~ 4, “che differontial equation of the

curve of pursult is obtained.

Applying this gonerxal theory to determine the curve of pursuit, when the
pursuea movas along a straight line parallel to the y-axis and a distance d

from the origin, we get

. we=d and Yo,
dx . .
From cquation D-6,
. 2 '
42 L&Y @ - x D-7

dx dx2

Substituting D -6 into D-4, the following difforential equation is obtained.

y
' ' . . 2 2 \2
. Y (A IR PR £ 4
' 1 '(dx) Lo(d - x) (dx7- D-8
|
o,
j !
'/[ N ¢ l
’ D-3
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Integrating D-8 twice ylolds the equation

c{l + ¢)

Figure D-2

Geometry For Pursuit Curve When
Pursuce Moves Along a Straight Line

- l[_i"—-(_d B A SHRNE R S

PC = d

PP' = 4' = d scec(0 - %)" d cseh

4

Pl rath of Pursucr

P'I = Path of Pursucc

i

d i
At x = 0, y = 0, and a%-n tan(0 - 5) = owcotld, Now,

ay [ -1 1. 1/(,]
dx 2 [} (-d ¥ c(d x)

D~9
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: At x = 0

: : , 1/r

2 . . ~cot0 = %-[cd e %-dl/c]

i c ™ dl/c(—coto + escl) D-11

i : We reject ~dl/c(co£0 + cgc¢0) as a gpurious solution (it gives the case when

;

3 the diroction of the pursuce is roversed, i.e., when the tracking angle is

| * - 8),

! Substitution for c in equation D-9 yields (at x = 0) LA

,I : ' I

| 0l B oo 4 enc : 1 .

/ 0 2 [l - (—cotd + cucd)d + 13T <:cot0 " csc;)d] + ¢ b-12

i - :

; Solving for c'

(I 2 .

! ' -

- . : ¢! = (5"“02 A °°t°> a D-13

y i1

If . > 1, capture takes place when z = d, i.e., when

( cqro -0 coto) ; X
y = d ¥

( 4 coaﬂ) desco
\ : ' . ' C

2 A
¥ S [
1 N e O>d' = IC D-14
! \ -1 ,
g s
d . 1
Lot .
i I The capture distance ls thus,
L
|
i; |
| !
A
[ i .
i
“f
' D-5
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IP' = IC - P'C

22 -1

2
L, -t cosn
LN 2' <059 + cogd ) q°
¢ -1

- ug : ' : '
- [4 - coYl a! D-15
r -~ 1

where 1' is the initial separation distance.

.2
= (E_:_S_SQEQ) a' - d'sin(o - gq

The derivations above take the weapon range, RW' to be 0. If we consider
a pursuer with a positive wcapon range, R and infinite weapon velocity, then
capture occurs whan the distance between pursuer and pursuac is Rw. In the fol-

lowing darivation we take the tracking angle to be %(u 900) and normalize all

distances to the ainaitlal separation distance 4. .
Figure D-3
T
|
P
4
dy.
(x, y) ax (1 X)




BC = normalized initilal separation distance

! . PP' = normaiizod distance between pursuer and pursuee

BPI = pursuer's path _ :

CP'I = pursuee's path : .

%,1 = pp'

: 3 .
/[ggg(l-x)} P a-n? S vl
N2
V4R AN -
: (dx) b1 x)
’ N l 2 .
. [(1 AT x)“l/?] (1 - x

1 - 1/t Co1 w1/

K

1

4

= (1 - x) 4+ (L - x) D17
If we let 2z = (1 - x)l/c, D~17 becomas .
X
t+ 1 - :
2 + 2" . q 0 : D-18
s ' |
|
' For arbitrary f, D~1B docs nol have a gencral solution so we mugt usce numerdcal o
. 8 ' |
T methods, n.g., Newton's melhnd of iteration, Lo cvaluate z.

The normalized capture distance is thus

e ouy 4 &Y o -
P'C y + an (1 X)

|
| L 1[1 v -1 ] r,nl'l
- et A, O S

m—
L 4
.




2. Constant Dearing Intercopt

The geometry for deriving the cquation for constant bearing intercept is
shown in Figure D-4.
The line (0I) is the projected track of the pursuce hnd the line (QI) is

the intercept course followed by the pursuer.

The pursuee ig initially detected at 0, a separation distance, d, from the-

pursuer, who is located at . The pursuee's direction is at an angle 8 to the

‘dircction oQ.

Figure D-4

Geometry For Constant Bearing Interxcept

e P

O\

vV_. .t
P!
. /

0

09 = d = Initial Separation Distance
Ol = Projected 'rack of Pursuec

I = Intcrcept Path of Pursuex

0 = Initial Ptrack Angle

¢ = Pursuer's lead Angle

VvV !'-= Pursucc's Speed

p .
Vp = Pursuecr's Spocd

t = Timo D-8
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The pursuce then moves along his projected track (0I) at a constant speed,
. Vp.- The pursuer sets off on his course (QI) and load angle ¢, to intercept
_ the pursuee at point i.* The pursuer also maintains a constant speed Vp.
' !
By the law of cosines ’ :
2 2 i
qa° + (\Ip,t) - depnt cos0 —~ (V‘pt)2 = Q D-20
{
¥
- z 2
2V, 1t cos0 (V' 012 cos0 - 4 (V107 = (v_t) | |
P P P P
d c: !
2 !
' . . [0 12 (eon? 2 '
or d =V t cos0 + (VP.L) (cos“0 -.1) + (V_t) D-2).
. p' -~ P
Dividing through by VP|t, and letting
A
- _-’1)
VP'
then
~—(—i--—-_- = cogl -+ \1(2 + (<':0520 - 1) ' D-22
v ,t — 5
P!
Since the desired measure is capture distance/initial separation distance,
N
. wo invert D - 13 and obtain
2 o n
, Vb | cosn ;l;\lﬁ Bt (CO-‘;20 - 1) D=2 .
_ . e o
y ' supposoe that the pursuer is armed with a weapon that has a range I\N The
l pursuer's objective is to malntain a constant (steady) bearing course and come
. .
: within a distance P\q of the pursuce in a speclfied time, t. Then by the law of
L\ . the cosines:
!

B I =L




" L »w -
ver? e (@- Ry e (VD7 - 26 - R (VM) cosd 'D~24
P R p R Yp
» or .
2V 't cosd + AV ") 2cos20 ~ 4 | (v 02 - (v t)2]
d - R, = —2 P P P D~25
: R _ 5
The woapon range required is , ‘,
R, = d -(0090 + Yoos®0 - 1+ cz)vp't. D~26 |
k : _ S o
d . : ' ' - |
[ : *he pursuer could improve his performance by heading on a course so that
,‘ he would trxavel the minimum pousible distance and gtill be a distant P\q from
3 the target in a specified time, t. This is giveh hy .
- ' 2 2 2
k) 0 = 4 ] — LY
Y (th + %) d (Vp ). 2(]\}‘p t cosl
] ox ‘
“l‘ « 2‘ . 2 . — ] I 0
_\.‘ Rw l='(v/d + (‘Jp't.) - Zd\«p't cuso) - th. D-27
k- * |
I
!
. I

D~10 ' ;
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- Pursuit With Intermittent Information

rhis section derives the basis for dotermining the probability that a pur-~

suer is able to relocate a pursuee with the pursuer's on-board sensor system at
some time after the pursucr has received information that the pursuee is a distance
d ;way. The information processing and data link time is taken to be zero. The i
pursuer travels on a straight course through ?he last known posit;on of the {
pursuee. The pursuce is assumad to bo a point target (and not.an area target, |

~ such as a wake) and to move in any direction within the areca of uncertainty. This

area is the circle which encloses the arca of possible target location. Its radius

is equal to the sum of the initial location -rrox ﬁlus the product of the pur=-
suee's speed and the clapsed time since this location wasg Aade. In thig simple
case it is assumed that the pursuer's gcnenr has a swath width WS within which the
probability of deioction is an. ‘Qutside this band tho probability of dctectisn 3

is zaro.

When the location cryror of the intermittent information system is neyligible,
the initial arca of uncertainty that could contain both the pursuer and the
pursuee has a radius : :
1 p''l . !

where VP' = pursuec speed and ’I‘,L = time for pursuer to transit d—Rl. (See |

i
Figurc D-5)




e v ey b s w v . T e

Figure D-5

Pursuer Position
at time Tl
Pursuar Position
at time of update \\

Aroa

of uncaer-

Lainby at Tl-

& qd - R, ————p |41 prg at tima of
' 1 ' - update

Pursueo Position

‘The pursuer scarches on a constant coursc.with a constant swath width, thrxough

the arca of uncertainty. As the pursuer transits through the arca of uncer-

tainty, the arca of uncertainty increases as a function 'of the pursuce's speed

and the time for the pursuer to transit through the area of uncertainty.

where

The incrowmental change in the probability of detecection is

w VAL
(%] .

/.\I’D = (1 =P}y ) ——

. H(R1+V

2
p™

1-py = probabilitv thoe target was not detected in previous AT's

We = swath width of pursucr

v = mean rcelative speed of pursuer and pursucce

) .
WSAﬁ‘ soarea swepl in AT

D~12

. i e

H
§
q
i
:
Ry
{




'n(R1+VP,'I‘)2 m arca of uncertainty as it increases with time
T = time that clapses after pursuer reaches Rl
Integrating .
WSVT
PD= 1 -~ axp e et s e - v D-30
le(levp,r)

gince V = mean relative speed of the pursucr (VP) and the pursuee (VP')' we have
T
)gzvﬁ - sin20 sinzw ay

2
VeEae t Ve

2 )
= SV, + V) E(0)

zv vpvp . D"31
+
vP VP'

where, .'pino =

and, V¥ = -

E (o) is an olliptic integral of the socond kind, readily evaluated using

standard tables of elliptic intograls.

The time for the purtucr to complete a first pass through the area of

uncoertainty is

" - 12 e ) _)...32
12 Pl P I

- where T2 = time for pursuer to overtake pursuee if the track angle were 180°

and 'L‘1 = time for pursuer to overtake pursuce if track angle were 00.
The probability that the pursucr detects the pursuee on the firvst pags

through the arca of uncextainty is

Vp
4 Wglifu) | 1+ o~
VP,

Py = 1 ~ oxp| - 3 D-33

nd




4. Sprint-Drift Pugsuit with Intermittent Information

A ppocial case of pursuit with intermittent information is one where the
puxsunr must resort to a sp-int-deift pursuit tactic. A typical case would be
one where the pursﬁeo ig a high speed submarine and the pursuer's sensor is
acoustic and will not function continuously at the high.speeds required.,

In this analywsis the pursuer always sprints to the last known position of the
submarine, This is due to the fact that the submarine may run on &ny .course dure-
ing the purpuer's sprint poriod and therefore it does not benefit the pursuer to
attempt to antiéipate the submarine's now course and speed, Hence this process

can be viewed as a modified pursuit course since the pursucr proceeds to the

* last. known position of the submarine, as opposed to licading towurd the actual

position as in the case of purc pursuit.

At soma initial timo, t_., tho pursuecr detects a submarine at some initial

Q

distance, Ro. He theon sprints te this datum ot a glven speed, v,,» and listens
I

for a time, Tp- ' .

The time clapsed during the first sprint-drift poriod is
R
VL 2 o by -
Ll vp + D D-34

During this time, the submarine has traveled a distance

Ry =Vt p-35 |

where VP' = gubnarine (pursuce) speed.

|
The time for the noxt sprint-drifit peried is, then, i
. fﬁ.4.m

2"y, " n-se‘r

and the submarine travels a distance glven by R2 = VP‘tZ'

The process 1s repeated until the limiting value Rn = R is reachod.

n-1

nD-14
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Since the location of each drift (search) portion of the cycle is tha
location of the pursuce at the ond of the provious drift poriod and cach drift

period.rcquirca a 7ixed time (TD), this limit of convergence is reached when
the ground gained between sprints equals that lost while listening, i.e. if the
pursuer had infinite sprint speed the limiting distance would still be given by
the product of the submarine speed and the drift tima.

The total time clapsed during tha sbrint-drift pursuit iy then given by

+ cee
Tk, kb, by LI

Using these basic exprossions, the ggparation distance can be determined by

an iterative procoss for nach successiva spridi-drift, and from this a sep-

aration distance history of closing distance varsug elapsed time may be plotted.

b-15
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B, MANEUVER AND AVOIDANCE

1. Mancuver to Avoid an Approaching Weapon

. This section derives an cquation for determining the speed at which a

platform must maneuver in ordeg to avoid an approaching weapon. Several ro-

strictive assumptions are made about the weapon and the maneuvering target;
thus, the derivation is illustrative and not definitive.

Figure E-1 illustrates the geoﬁetry involved for this case. The weapon ﬁ
and target are heading directly toward each other. The target choosaes to ?
maneuver wheﬂ tho weapon is a distance, DS' from the targei. .Thc distance DS
depends on the %eapon charactoristics, tho target characteristics and the poten-
tial escapu path. The cscape path used in this case 1s a path that is noxrmal k

to the minimum radiug of turn that the attacking weapon can make. 'The ninimum

radiug tirn that a woapon can make is a function of thoe weapon speed and weapon

maneuverability (i.o., number of gs the weapon can pull). In this scction the

minimum turn radirs of the weapon is defined by a radius R, as follows:

N ng ' . E-l ?;
where,
> - 'V, = weapon gpeed ‘
. ‘ n = limiting acceleration of the weapon (nuwmbor of ga) i.

g = 32 fcet/sucond2

In this limiting case examplo, the targoet ig assumed to have no such restriction

Y .

‘ . and is able to turn instantancously toward the escape path.
'

{
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To avold interceptlon, the target must travel a distance X + Rw before

the weapon travels a distance D, on the waapon's minimum radius -turning path,

whare, e
: X \/_I;2+D§ -R

and,
D, = separation distance between the target cnd the weapon when
. [

I
the target starts his mancuwver .’
Rw’h weapon lethal effect radius l
|
]

Dw = Vw'I' = 11;0
Q= tan-*(ig)

T = time for weapon to travel a distance D

-1% "
+ R tan (7;) .
-

]

If VTT > ¥+ “w: the target can ascape tha weapon on the target's arcana

path. The weapon lethal effect radius from which a target can cscape by maneuvox

(undcr L]lQ [)rQUiOUS clJ-:UmPt-iO“-J) 4.5 C_I.LU(;‘I) by'
l < VY 'I‘ - x lc‘... 2
{W T

wherxe VT = target speed

If the target acts intelligently, he will begin his ovasive maneuver at tho
time most beneficial to him, i.e, when the rcquigod waapon lethal effect radiusg,
Rw, is maximal. Putting equation E-2 in the form where only essential parémeters
are present we have

D .
VR ! ( S) e et
Uy - 1y = 2 2 !
Ry v tan R/ - /6; + R+ K ) |

¥ |
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2
o VTR 1 . DS
: w RS 4D (2. .7
) YU+ ]‘S
2 ‘ |
4 22 V'.l‘R?‘\: 'l
ox . D8 + R DS ol R = 0
: w
. 1
i ! . vrp v 2
X . . , +afl-2Y) -
B which ylelds 1 Vw 1
A
K ‘ : Ds u R 3 E-3

Equaticn E-3 gives tho optilnum separ.tion distance for a target to begin its

manuever against a weapon when the target is able to turn instantaneously to-

wards lts escape path. When the value of DS gilven in equation E-3 is used in
aquatirn F=2 we have the maximum weapon radius of effectiveness that can be

avoldod undor tho above assumptioﬁ.




¥. A COMPARISON OF TWO SPRINT-DRIFT TACTICS

This section compares two different sprint-drift (or flying-drift) tactics
for search. This comparison is treated separately in the appen *ix, since the
? | focus is on the relative merits of ﬁlatform tactics rather than specifically on
tiie utility of vehicle speed.

In each case:

V is the sprint (or £lying) speed in knots

! . TD )8 the drift time-required to complete a search peéiod in hdurs i

R, is the detection range of the sensor (at zero speed) in nautical miles

The first tactic is described in Section € of this appendix, analyzed for
| L search effectlvenoss as a function of vchicle specd and uscd in Section V of

]

[ the basic report. In the first taotic, the scarcher procecds at sprint speed

for a distance RD' stops, drifts, and scarches Jor a period TD. This cvcle is

sults in considerable overlap of scarch arca, but there are no holes or "holidays"

left unswept.

\
!
!
i
:
|
|
|

L .

i reprated alonyg a predetermined path of straight line segments. This tactic re-
\

|

F From the geometric description in Section € of the Appendix, the area sw.pt
| _

. - is approximateoly given by: -
' : A= JBRDV'T © -l .

' ' where /SRD is the sweep width

PRI P ..

V' is the ovorall speed of advance °*

g

T
with Lo % + EE -2 4
. vi v b 1

and T is the total time of scarch., So long as T is large (i.e., scveral cycles)

" the approximatlon is cloue to the true arca swept., The principal differcnce

-

F=1




consists of the semi-circles at the ond and beginning of the search and any area

lost in changing the direction of the search path. . '
For a continuing secarch (where T is large) the sweop rate is the total area

swept in time.T. Since each sprint (flight) covers a distance RD at a speed of v,

from =1 and ¥-2 abova, we have an overall search rate of:

-

V3R2
A D
ol B — F-3
TR

G + TD '

.

The second tactic ialto sprint to a new position such that the circles of
detection by the sensor during drift do not overlap. A vehicle conducting a ran-
dom search of this type (constrained by non-overlap) would spend a greater time
sprinting in cach cyele and would leave large random holidqys in the area to be
searched;

The objective s to cowpure Lho two taclics to determine the ratios of urea
searched in a given time. ' |

To simplify the calculation, the' non-overlap tactic used is a special case
where the searcher sprints in a straight path a distance of 2RD, which results in

consacutive detoction circles which are tangent.

“hus, the time of a single scarch cyele is:

f&B-+ T
- D
A

so that, in a total time T, there arc:

lll
looks, and

2.§l-« TD
Y




T .

-— = ame—
L 4

T awe

LI - .
. .

the total arca saarched is:

T "Ry, ' F-4

2—+T

Note that, in this special case, requlred sprinting time is the minimum for
a "random" search subject to the constraint. Thus, ratios of the search rates of
the two tactics are limiting calculations favoring the random case. (An indication
oflthe sensitivity of search rate to this assumption appears in Table F-1.)

From equation F-4, the sicarch rate for the random case is:

2
TrRP

[P
R

‘-1]>'

D
2 =+
v

Dividing equation F-3 by equation F-5, we obtain the ratic of the search

rate of the tactic with overlap to that of the random tactic:

t_/é)_ 1+ ._...._I_{D__._:. . F-6
w R, + T, ¥ :

Figurc ¥-1 plots, for various values of sprint (flying) speed, combinations of

drift time (TD) and detection range (RD) at which the ratio of search rates is
unity. The accompaaying discussion sheet prévides detailed development and com-
parison. In general, fnr the agsumed values of the parameters, the random tactic

‘results in higher search rates.

¥r-3
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Figure F~1

_Combinations of Drift Time (TD) and Detection Range (RD)

Yielding Equal Scaxch Rates for Overlap and Random Search Tactics

(Calculated for Various Sprint or Flying Speeds)

Drift wime, TD (hx)

.. Overlap Search Rate
Random Seaxch Rate

2.0 / ™1

1.5 = , . _
: speed (knots)

¥ = Sprint or Flying

Detection Range While Drifting, Ry (nm)

—— a .,



Pigure F~1

Combinations of Drift Time (TD) and Detection Range (RD)

. Yielding Equal Search Rates for Overlap and Random Search Tactics
(Calculated for Various Sprint or Flying Speeds) .

Purpose
To indicate the relative search rates between:
e An overlapping search tactic along a bath and ‘
; e A random gearch tactic . | . ' !
'

in sprint-drift or flying-drift search for various values of the pertinent

paramctexrs.

Basis for Calculations

The figure is a plot of cqual search rates for the twe tactics for selected

sprint (or flying) sbceds. That. 1s, from Equation F-6: ;
’ "
Z% 1~ ;-—;9;~5 = 1 (for each V indicated)’ ‘ -f
D D :
: where .

¥ is the sprint {(or flying) speed in knots

T is the drift time in hours required to complete a search period

_f D

}: f‘ (For sprint-drift, this includes time for the towed array to settle

'; _ - and tine to gearch. YFor ilying-dirft, there is an additional drift o

‘ib time required to stream the array before searching and to recover it

) . after the scarch.) 3
i I ' R, is the detection range of the sensor (at zero speed) in nautical miloes:

and the values of these paramcters are the same for either tactic.

'[ . r-5
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The figure plots comhinations.of Ry and TD at which the value of the ratio
of search rates is uhity fof the indicated values of V. 'Aé indicated, for each
V, any combination of Ty and R, above and to the left of the line is a case
whero the overlap search rate ls less than thatlof the rqndom search taectic.

Principal Points

l. Current technology indicatés the following approximate combinations of

the pertinent parameters:

V (kt ;

(kts) R (hr) R, (nm)

. Sprint Drift 80 0.3 10-25
Flying Drift 200 1.5 10-25

As the fiqure indicates, 'the random search tactic produces higher seaxcl. rates
for these combinations.

2, There is, however, an artificiality in that the random tactic employed
ig a-limiting case wherein the sprint (£lying) distance (2RD) is a minimum
for a non-ovarlapping random search. The scnsitivity of the results to this
assumption was tested by considering a random search pattexrn wherein the average
distance betwren search ceonters was doubled to ARD (st111 maintaining the con=-
straipt of non-overlap). Comparisons of the actual search rates are tabulated

in Table F-1.

T
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Tabla F=-1
2
Type ol Search Actual Rates (nm /hy)
RD w 10- FD = 25
Sprint - Drift
(V = 80, T, = 0.3)
Overlap 408 1767
Random
Sprint Distance = ZRD 570 . . 2123
" " = 4R, 392 1415
Flying-Drift
(V = 200, T, = 1.5)
Oveaerlap 112 . 666
Randomn _
Sprint Distance = ZRD 196 . 1122
" " = 4RD 185 1062

2. In sprint-drift, the préferrad tactic is sensitive ta the average sprint
éistance.requircd for the random search. In flying—drift, random is clearly pre-
ferred because of the higher speed.

4. UThe table indicates that For elther tactic, sprint-drift produces much
higher search rates than does flying-drift. This is duo to the much higher TD/RD
ratio due to the assumption of TD = 1.5 hours. 8ince any gain in detection
rangé (RD) which may be possible should be equally available to sprint-drift
vehicles, competitive flying-drift vehicics would reguire some combination of

higher flying speeds, and shortor drift times than the value assumed (TD =

1.5 hrs.).
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5, Finally, it should be noted that the search rate criterion is not the .
final measure for comparison. If the specific scenario describing the search

v arca and threat were developed, the respective search rates could be used to

compute corresponding probabilities of dectection,
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C. SEA LOITER (SEA SITTING) AIRCRAFT

This section of the appendix discusses sea loiter vehicles ganerally

' and compares (for a gencral mission) force level requirements of such vehicles

with those of air loiter aircraft.

Currently available information* on sea loiter vehicle concepts indicates

the following: _ . '

Spaeed range ~ 200500 knots

Grosa weight ~ 500~1000 tons (CS5A = 350 tons)

Useful load « 60%=-70% (C5A = 50%-60%)

(Payload plus fuel)

akoot, s el

The sea lolter concept implies a very .arge vehicle capable of high unit

2 fuaarins

payloads and long alrborne endurance independent of the sea sitting characteris-

tic. Aly loiter vehicle concepts have similar characteristics, except for the sea

sitting capability. ' .

R PO P

Data on such vehicles is sketchy and spocific missions have not been a

defined. In this analysis, we assume three general motivations for the

.~ gea sitting capability: k
1. Dramatic inercase in total endurance resulting from the capability l‘f

to sit in a condition involving very low fuel consumption for periods of @
up to several days. Under cortain conditions, this way result in

f ’ reduced force level requirements for a given posture (reduced

)

,‘ . Basce Loss Factor). ) i

{

'#\ * ANVCE, Interim Evaluation Sominar, Ay Vcohicles Summaxy, Peter J. Mantle,

Technical Director, 26 March 1976.
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2. Short responsce times and capability for porforming missions requiring
high speeds.

3. Ability to utilize sensor systems not otherwise employable by aircraft.

.

Thug, the sea sitting conéept makes it possible to comEine the advantages
of the endurance (thus, lower BLF') and mensoxr capability of surface vehicles
with the rupid response (and surge) capability of ailrcraft.

However, unless the mission is such as to require both a surface vehicle
capabillity and rapid response, a continulng single station mission may ba
equally fulfilled by a surface (or near surface) vohicle in onc case or an
alr loiter vehircle in the othor.

Consider almission which requires one vehicle continuously on a single
station. The mission ig further specified in that, on activation by a detection
or on direction from base, there is a requirement for an aircraft to fly
continuougly on stution tor an unspeciflgd, hut long, poriod ot time,

In this case, throughont any active period, tﬁcre ig no sea mitting
and the ready force required to suppori the mission is identical to that of
a comparable air loiter vehicle force. 'There is no appreciable difference
in the BLF* during this period., The reguired force level of ready alrcraft
would be the same. Thus, the only difference in total inventory requircments

would be that resulting from the reduced flying hours of ready sca loiter

.adreraft during the non-active periods.

There arce, however, potentlal missions where the force leval requirements
for sea sitting aircraft could be much swmaller. These occur when there is

a requirenment for continuously occupying scveral such stations simnltancously

*Defined as in Section A of thoe Appendix in terms of veady a/c only, that is
a/c on station plus a/¢ in transit.
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(such as in a long barrier line). If there is a high confidence that only a
few of many stations might simultaneously be active, the sea sitting force

level can be tailored accordingly. The alr loiter force cannot,

This can be illugtrated by a simple example. Parameters axe as follows:
' n = number of stations which must be simultaneously occupied
na = maximum expected number of simultaneously active stations

TE = total andurance time of an aircraft (hr)

TTr = two way transit time (hr)

oo TSt = migslon time, £lying on station (hy) ' ' ' ;

TS = gea sitting endurance time (fuel consumption assumed to be zero)
TE = TTr + TSt for air loitar alrcraft

L ) P .
= Tyt Ty, t Tq for sea loiter alrcraft

Thus, a=z in Equation A~4, the required roady inventory of air loiter

aircraft is:

For the sea loiter aircraft, the requirement reduces to:

'fil‘rf.'fé}_

st

. n

a

Whenever n is much larger than n, and

v TS ig much larger than TSt

!
' the force level requirvement for sea gitters is much swaller,
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Figure G-1 jllustrates for a simple cxample whexe:

TTr w 10 hrs

* . TSt = 10 hrs

TS w 100 hrs
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Figure G-1
v ' Example of Potential Reductions in
Force Level Requirements Resulting From

Sea loiter Capability

g + Number of Ready a/c¢ Required - B
25 .
! Tpr = 10 hrs g
TSt w 10 hrs
: ‘ T, =100 hrs
] 20} 8
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IFigure G-1

Example of Potential Reductions in Force Level Requirements Resulting

v from Sea loiter Capability

Furpoge:
. )
To illustrate the potential advantage of sea lolter aircraft with long
. !
sea sitting capability. |
\ l
. |
Basgis of Calculations:
It is assumed that the maximum number of alert stations (ng) is known
with high confidence and that funl consumption while sca sitting is ossentlally
ZGro,
Let n = numbar of stations
n, = maximum number of: activated stations
1 : TE = total endurance time o an aircrart (hr)
' so that
; ) .
s TE = '1'Tr + Tgy for ailr loiter a/c, and
. TE = TTr + TSt”*T~ for géa loiier (where fucel consuwption while
sitting = 2)
N .
ﬁ , Thus, the number of ready aircraft requirel fox alr loiter is
3 : T .
: : ( Tpr + St)
.« n - s s '
Tt
: R and for sca loiter is ) i
' : '
‘ lTr + Tt lTr oy -
. n_| e 4+ (0= ong) TR
1 ’ &l Tse s
|
' {‘\ " Principal Points: \
1. Asg {n - Ha) gots larger, the differance in force lovel requiremonts

G~6 ' J .
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H r gets larger. The BLF for alr loiter remains constant; for sea loiter
‘5 Iy )
] the BLF reduces as (N = ng) increases.
3 ‘
& v 2, To the extont thal sea loltering consumes fuel, these 'differences will be
}, dacreased. If the mission calls for continuous air oporation commencing
] . ! .
? > at activation, each activated sea sitter must take off with enough fuel
i \
ﬁ to fly on station until his relief arrives, plus enough fuel to return
!
? to base - that 19, enough fuel for a two-way transit if his relief must
§ ,} come from the base (less, i1f nearby stations can be temporarily vacated).
. L In this case, seca sitting time must be raduced such that fuel remaining )
4 , can always meet the on station flying requirement and the transit back :
o’ 1
;i to base. :
;. y
o
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